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Abstract 
Hairy vetch (Vicia villosa R.) is a winter-annual legume that is grown as a cover 
crop and forage. In addition to reducing soil erosion and suppressing weeds, the species 
can facilitate enough biological N fixation to supplement or replace the N requirements 
of maize. Although more winter tolerant than most leguminous winter-annuals, it does 
not reliably overwinter in temperate environments such as the upper Midwestern United 
States. Our objectives were to screen a collection of accessions for winter-hardiness and 
develop a screening method for freezing tolerance in a laboratory setting. To identify 
winter-hardy germplasm, we evaluated the winter survival of 30 accessions in nine 
Minnesota environments. Mean percent survival among accessions ranged from 15 to 
82% and resembled a bimodal distribution. Due to large variation among and within 
environments, a method of controlled freezing was developed to supplement field 
evaluations and advance breeding efforts. No differences in freezing tolerance were 
found among accessions without prior exposure to cold acclimation. However, large 
differences were apparent when plants were first grown for two weeks in greenhouse 
conditions and then cold acclimated for four weeks (3°C; short-day photoperiod). Lethal 
temperatures were determined from six 24-hr programmed freezing treatments. 
Programmed cycles began at -3°C and gradually decreased to target temperatures ranging 
from -13 to -21°C. This method of controlled freezing correlated highly with winter 
survival in field evaluations (rs = 0.77). This study highlights the value of priori testing of 
experimental parameters in controlled freezing studies and the importance of validating 
such methods with field evaluations. 
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Introduction 
A leguminous cover crop species 
Vicia villosa Roth, commonly known as hairy vetch or winter vetch, is a winter-
annual legume in the Fabaceae family. It is naturally distributed at higher altitudes and 
latitudes in Europe and western Asia and as a result is more cold-tolerant than many other 
annual legumes (Duke, 2012; van de Wouw et al., 2001). It is primarily grown as a cover 
crop, green manure, mulch, hay, and forage (Clark, 2008). As a cover crop, it can help 
reduce ecological consequences associated with intensive summer-annual crop 
production, such as soil erosion and nutrient escape, by providing vegetative ground 
cover during the non-productive period from autumn harvest to spring thaw (Meisinger et 
al., 1991). Furthermore, V. villosa can fix a significant amount of N via soil Rhizobium 
spp. to supplement or fulfill the N requirements of subsequent crops (Undersander et al., 
1990; Mueller and Thorup-Kristensen, 2001).  
Vicia villosa is an outcrossing, semi-domesticated species with known self-
incompatibility (Zhang and Mosjidis, 1995). Cultivated populations are open-pollinated 
and therefore predisposed to natural selection and genetic drift. Most marketed seed is 
contracted from seed growers without knowledge of pedigree. These ambiguous 
accessions or ecotypes are subsequently labeled VNS (variety-not-stated). Some early 
flowering synthetic varieties have been developed and released within the last few 
decades, but they are not well adapted to northern regions of the United States (Maul et 
al., 2011).  
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Jannink et al. (1997) concluded that commercially available V. villosa in the 
United States is of two types, subsp. villosa and subsp. varia. According to Gunn (1970), 
these are the only two of five total recognized subspecies (Ball, 1968) that are naturalized 
in North America. These types, or subspecies, can generally be differentiated by their 
region of production and degree of trichome density found on stems and leaves. A higher 
density of trichomes can be found in subsp. villosa, which tends to be grown in colder 
climates such as the Midwest. The more glabrous appearing subsp. varia is primary 
grown in the milder climates of the Pacific NW and SE United States. In their evaluation 
of V. villosa winter survival in Maine, Jannink et al. found accessions of subsp. villosa to 
be more winter-hardy.  
For winter-annual and perennial crop species, sufficient winter-hardiness is a 
necessity for adaptation to temperate regions. However, improvement of this trait has 
historically been a convoluted issue, resulting in slow or unreliable genetic gain 
(Castonguay et al., 2006; Arbaoui et al., 2008; Waldron et al., 1998). Numerous 
environmental factors influence the polygenic trait and annual variation for winter stress 
can be immense. Mild winters can result in minimal to no phenotypic variation to select 
upon, while severe winters can result in complete stand loss. Factors that can reduce plant 
survival, other than ambient temperatures alone, include saturated soils, ice encasement, 
lack of snow cover, soil heaving, and psychrophilic plant pathogens (Rognli, 2013; 
Griffith and Yaish, 2004). These factors can vary greatly within fields, across years and 
environments, and can be costly or impractical to measure.  
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Cold acclimation and the acquisition of freezing tolerance 
Cold acclimation, also referred to as hardening, is the exposure of plants to low 
non-freezing temperatures, typically 0-10°C, in combination with a shortened 
photoperiod (Gray, 1997; Rognli, 2013). Together, these environmental conditions result 
in the expression of cold-response genes, which ultimately lead to an increase in freezing 
tolerance (Levitt, 1980; Thomashow, 1990). Although low temperatures are the primary 
influence behind cold acclimation, light supplies the energy required for the process 
(Levitt, 1980) and higher light intensities may further increase the freezing tolerance of 
some plant organisms (Larson, 1978). Cold acclimation can be interpreted as an 
evolutionary response to autumn, the precursor to winter, where via environmental 
signaling a plant can equip itself to survive the foreseeable freezing temperatures. 
Genotype and growth stage are factors that may affect plant responses to such changes 
(Huner et al., 1993). The acquisition of freezing tolerance through cold acclimation 
should be considered on a species and contextual basis, as the mechanisms for such 
changes are not completely understood and can vary depending on environmental 
circumstance (Huner et al., 1993; Gusta and Wisniewski, 2013).  
Plant adaptation to low temperatures can be divided into two general categories, 
freezing avoidance and tolerance. Avoidance involves structural adaptations that dictate 
the locality and timing of ice formation within the plant, while tolerance involves 
biochemical modifications inducible through a specific set of genes (Wisniewski et al., 
2014). Cellular membranes are the primary site for freezing induced injury in plants 
(Levitt, 1980; Steponkus, 1984). Ice formation usually occurs first in extracellular spaces, 
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given the lower solute concentration outside of the cell. The decrease in water potential 
outside of the cell consequentially results in water moving outward, dehydrating the cell 
(Steponkus, 1984). Plant responses to cold acclimation can maintain cell membrane 
integrity and prevent dehydration through the synthesis of antifreeze proteins (Griffith 
and Yaish, 2004) and the alteration of lipid and simple sugar composition in cell 
membranes (Dalmannsdóttir et al., 2001; Strand et al., 2003). Tolerance to freezing 
temperatures without prior cold acclimation conditions is commonly termed frost 
tolerance. Plant tolerance to this exposure relies on constitutive expression of freezing 
tolerance genes and structural adaptations that result in freezing avoidance (Thomashow, 
1999).  
 
Indirectly assessing winter-hardiness 
Controlled freezing of plant material has been pursued as an alternative to field-
testing winter-hardiness since the early-1900s by determining relative freezing tolerance 
in controlled conditions (Larsen, 1978). The process involves freezing field or laboratory 
cold acclimated plants in a controlled freezer. The success of this protocol relies on the 
generally accepted supposition that freezing tolerance is the principal constituent of the 
winter-hardiness trait (Pulli et al., 1996; Pearce 2001).  
Typically, artificial cold acclimation in these experiments seeks to mimic natural 
atmospheric conditions in the region of interest. However, artificial cold acclimation 
cannot encompass the many factors that affect freezing tolerance in field environments. 
Growth chamber experiments cannot easily account for the complexity of temperature 
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swings, steady decline of soil temperatures, winds influencing morphological 
development, and varying spectrum and intensity of autumn light (Gusta and Wisniewski 
2013).  
Moderate to high correlations (r = 0.70 to 0.95) have supported the importance of 
ex situ freezing tolerance to winter survival in Lolium perenne L. (Hulke et al., 2008), 
Triticum aestivum (Fowler et al., 1981), and various forage grasses (Larsen, 1989). 
Brandsaeter et al. (2002) conducted initial freezing tolerance evaluations on eight winter-
annual legumes and found V. villosa to be the most freezing tolerant of the tested species. 
However, the effect of cold acclimation was not included in the design and only two 
accessions of V. villosa were evaluated.  
 
Objectives 
Improving winter-hardiness in V. villosa will be necessary to extend the range of 
crop adaptation and increase grower adoption of the cover crop species. To do so, 
variation for the trait must first be identified. In order to screen and select for this 
variation, an efficient method of phenotyping needs to be developed with minimal error 
that can effectively discriminate underlying genotypic differences. Therefore, the 
objectives of this study were to 1) evaluate the winter-hardiness of a collection of V. 
villosa accessions at multiple Minnesota locations, 2) develop an appropriate 
methodology for examining the freezing tolerance in controlled environments, and 3) 
evaluate the freezing tolerance of the collection and determine the correlation with winter 
survival. 
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MATERIALS AND METHODS 
Field evaluation 
An evaluation of V. villosa accessions was conducted in 2013-14 and 2014-15 at 
University of Minnesota research stations, St. Paul (N 44.99, W -93.18), Becker (N 
45.39, W -93.89), and Roseau, MN (N 48.88, W -95.85). The soil types at these locations 
are Waukegan Silt Loam in St. Paul (fine-silty over sandy or sandy-skeletal, mixed, 
superactive, mesic Typic Hapludolls), Hubbard-Mosford Loamy Sand in Becker (sandy, 
mixed, frigid Entic Hapludolls), and Borup Silt Loam in Roseau (coarse-silty, mixed, 
superactive, frigid Typic Calciaquolls). In 2013-14, V. villosa was seeded on two planting 
dates at each location, two weeks apart, between August 20 and September 17. A single 
planting date was used in 2014-15, comparable to the later date in 2013-14. 
The experimental design was a randomized complete block with four replicates. 
In 2013-14, a split-plot arrangement was used with planting date as the whole-plot factor 
and V. villosa accessions as the sub-plot factor. Thirty total accessions were evaluated: 12 
from earlier University of Minnesota selections for winter-hardiness (Harbur et al., 2009), 
and 18 accessions from regional seed companies including the early-flowering varieties 
‘Purple Prosperity’ and ‘Purple Bounty’. The majority of seed from this evaluation was 
derived from Minnesota or Oregon. 
Plots consisting of single plant rows of 30 seeds per 3 m were planted at a depth 
of 2 cm. Plots were planted 1 m apart in the 2013-14 season with two rows of winter 
wheat (Triticum aestivum) border, and 1.5 m apart in 2014-15 with two rows of rye 
(Secale cereal) border.  
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Fall vigor was estimated approximately one month after planting using a 0-9 
scale, where 0 indicated no emergence and 9 indicated healthy, robust plants. Winter 
survival was based on differences between fall and spring plant counts for each plot. 
Plots were culled prior to flowering that did not have at least 40% survival. Flowering 
time was estimated by visually rating plots for percent flowering weekly starting at the 
first sign of flowering at each location (May). Flowering data from the second week of 
recording was used for analysis. Plots were hand-harvested to measure biomass yield at 
physiological maturity (July). Samples were dried by forced air at 35 °C and threshed. 
Biomass and seed yield of each surviving plot was reported on a dry matter basis.  
 
Controlled freezing experiment 
Methods for freezing tolerance experiments were adapted from Hulke et al. 
(2008). The effect of freezing exposure was evaluated on four contrasting accessions of 
V. villosa at two growth stages (early and late) after being cold acclimated for 0, 2, or 4 
weeks. The initial experimental design was a split-plot arrangement with cold acclimation 
(CA) as the whole plot factor and growth stage (GS) and accession factorially nested 
within each acclimation treatment. The four accessions were chosen based on results of 
the field experiment, two winter-tolerant [Tol-1 (V01) and Tol-2 (V07)] and two winter-
susceptible [Sus-1 (V29) and Sus-2 (V15)].  Growth stage treatments consisted of 2 and 4 
weeks of greenhouse growth from the planting date (22°C, 16-hr photoperiod). Cold 
acclimation treatments consisted of 3°C and 10-hr photoperiod. Four freezing treatments 
were then subjected to each whole plot factor.  
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Seeds were pre-germinated prior to seeding to select against dormant seeds due to 
known and varying levels of hardseededness. 48 hours prior to greenhouse planting, 
seeds were surface sterilized in a 50% bleach solution for 1.5 minutes and then rinsed 
with deionized water for 0.5 minutes. Seeds were germinated on moistened blotter paper 
at 22°C. After 48 hours, seeds were visually selected that had emerging radical lengths of 
~1-3 mm. Pre-germinated seeds were then planted into Sungro Sunshine Mix (LC8 RSi, 
lot# Q16.029) at a depth of 1 cm in cone-tainers (107 cm3).  
Greenhouse growth conditions were supplemented with light from 600-watt high-
pressure sodium bulbs to maintain a minimum of 300 μmol s-1 m-2. Plants were fertilized 
after every 2-weeks of growth with a 200 ppm N aqueous solution using a 10-30-20 
soluble fertilizer. Growth chambers for cold acclimation treatments were equipped with 
110-watt cool white fluorescent bulbs hung approximately 10 cm above plants providing 
~200 μmol s-1 m-2 (see Table A1 in Appendix A for all controlled environment 
conditions). Plant trays were rotated on a weekly basis in the greenhouse and growth 
chambers to account for variable light and temperature within environments.  
Prior to freezing treatments, shoots of every individual plant were cut 4 cm above 
the crown. The four accessions at each growth stage were completely randomized within 
98 cell cone-tainer racks. Plants were cut to avoid pulling plants from the growth media 
during the randomization process and for easier scoring of survival. Cone-tainers were 
submerged in water for 30 minutes to ensure thorough and uniform media saturation and 
drained for 30 minutes prior to placement in the freezer. 
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Freezing treatments were performed using a Tenney programmable freezer 
(model no. T20S, Thermal Product Solutions; New Columbia, PA) with a single-stage 
refrigeration system. The freezer accommodated eight 98-cell cone-tainer racks (784 
plants). Each freezing treatment consisted of a 30-hour total freezing cycle, first holding 
at a base temperature of -3°C for a time inversely proportional to temperature descent 
where temperature reduced 1°C hr-1 until the programmed temperature was reached. 
Temperature treatments were held for 1 hour. Temperature probes (LabJack Corporation; 
Lakewood, CO) were located on each shelf to record actual temperature exposure. The 
minimum temperature reached in the final hour of the freezing cycle was used as the 
predictor variable for the corresponding plant shelf. Desired temperature treatments 
included -3, -6, -9, and -12°C for non-acclimated plants and -12, -15, -18, and -21°C for 
the 2 and 4-week cold acclimated plants.  
Following freezing, plants were moved back to growth chamber for three days to 
thaw and then were moved to the greenhouse for an additional 18 days of recovery. 
Survival was then assessed binomially on an individual plant basis (0=dead, 1=alive). 
Plants were considered alive if they exhibited living regrowth from the crown or had any 
visible green pigment within photosynthetic tissue. 
 
Validation of freezing methods 
To validate results from the initial freezing experiment described above, the 
experiment was repeated with refinements to the protocol. The validation experiment was 
a completely randomized factorial design that included three of the four initially tested 
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accessions, 2 and 4-week CA, and early and late GS treatments. These factorial 
treatments were then subjected to six freezing temperature treatments as described above, 
ranging from -9 to -19°C.  
To achieve greater congruence between targeted and realized temperatures we 
utilized smaller 50-celled growth trays (80 cm3) and included fewer individuals in each 
freezing run (400 plants). Plants were fertilized more frequently to account for the 
reduction of cell size, weekly at 100 ppm N (10-30-20). Parameters for the programmable 
freezing cycle remained the same except total time decreased to 24-hours so all 
treatments would begin freezing exposure at a consistent circadian interval (see Figure 
A1 in Appendix A for cycle example). To reduce ambient temperature fluctuations 
experienced by plants, trays were outfitted with a plastic dome covering. Temperature 
loggers were placed within each domed-tray to record realized temperature treatments 
within (see Appendix B for various images of freezing tolerance screening process).‡ 
 
Freezing tolerance evaluation 
Experimental parameters were chosen based on previous evaluations that resulted 
in the largest difference in freezing tolerance among contrasting accessions with known 
differences in field survival.  A subset of twenty accessions from the thirty evaluated in 
the field were exposed to 2 weeks of growth in long-day greenhouse conditions (early 
growth stage) and subjected to 4 weeks of cold acclimation with a 10-hr photoperiod at 
3°C before being subjected to six 24-hr freezing treatments, ranging from -13 to -21°C. 
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Fertilization, the programmable freezer protocol, and survival determination was 
performed in a consistent manner to that of the validation experiment. 
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STATISTICAL ANALYSIS 
Field data 
Data from field evaluations was analyzed in the R statistical programming 
environment (version 3.3.1) using the ‘stats’ and ‘nlme’ packages (Pinheiro et al., 2009; 
R Core Team 2016). All data was evaluated for normality and constant variance of 
residuals. To test for differences in fall vigor, winter survival, flowering, biomass, and 
seed yield between accessions, a linear mixed-effects model was utilized with V. villosa 
accession as the fixed effect. Blocks were treated as a random effect. Environment was 
treated as a fixed effect to determine differences for year, location, and planting date, but 
as a random effect to find accession differences. Treatment means were separated using 
Tukey’s Honest Significant Difference (HSD) at α = 0.05. Spearman’s rank correlation 
coefficients were used to assess correlations among all trait means using the ‘cor.test’ 
function in R. 
 
Freezing tolerance data 
Statistical analysis of freezing experiments was performed in the R environment. 
A generalized linear model (GLM) for binomial data with a logit link was fit to analyze 
the effect of accession, cold acclimation, growth stage, temperature, and their subsequent 
interactions on plant survival. Models were selected using the ‘glmulti’ package 
(Calcagno, 2013) to exhaustively search all possible models containing all main effects 
for the lowest Akaike information criterion (AIC). The ‘caret’ package (Kuhn, 2015) was 
used to test prediction accuracy on random subsets of the data. Likelihood ratio tests were 
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used to compare candidate models to determine the best fit. Analysis of covariance for 
each GLM fit was performed sequentially using a chi-square based estimation to 
determine the significance of each factor in the model. The ‘dose.p’ function in the 
‘MASS’ package was then used to calculate the median lethal temperature (LT50) for 
each treatment and accession (Venables and Ripley, 2002). LT50 values were separated 
using 95% confidence intervals (CI) calculated from standard errors.  
Spearman’s rank correlation coefficient was used to determine the relationship 
between LT50 values, as determined in our controlled setting, and percent winter survival. 
The Shapiro-Wilk test was used to test the hypothesis that the sample came from a 
normal distribution. 
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RESULTS 
Field evaluation 
Year, planting date, location, and variety were all highly significant factors 
(p<0.001) for winter survival (Table 1) and flowering score (Table 2). Percent survival at 
the later planting date in 2014 and 2015 was 55.7 and 23.7%, respectively (Table 3). 
There were significant differences among locations for each planting date and each year. 
St. Paul had the highest survival for the early and late planting dates in 2014 (77.3 and 
67.3%, respectively) and in 2015 (43.8%). The lowest survival in the evaluation occurred 
in Roseau in 2015, where a lack of snow cover and extremely low temperatures resulted 
in almost complete plant death. Data from Roseau in 2015 was therefore excluded from 
the remainder of the analysis. 
The earlier planting date had greater winter survival than the latter at each 
location in 2013-14. Percent survival was 69.8 and 55.7% for the early and late planting 
dates, respectively. In 2014-15, only the later planting date was implemented to intensify 
winter stress. 
Percent survival among the thirty accessions evaluated ranged from 15.1 to 82.1% 
and resembled a bimodal distribution (Table 4). The hypothesis that survival data follows 
a normal distribution was rejected by the Shapiro-Wilks test (p<0.001). A bimodal 
distribution is apparent in percent survival values among accessions, as no accession had 
survival between 44% and 73%. There were no differences within the winter-tolerant 
mode of the bimodal distribution for winter survival, however, some differences were 
found within the winter-susceptible mode. Accessions derived from Minnesota 
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environments generally had higher survival rates. While 14 of the 16 accessions from 
Minnesota had greater than 73% total survival, all of the Oregon accessions had a 
survival rate less than 44% (Table 4). 
Trait means for each accession were compared using Spearman’s rank correlation 
(Table 5). A positive correlation was observed for winter survival and fall vigor (rs = 
0.45). A negative correlation was observed for dry matter biomass and flowering score (rs 
= -0.39).The most significant correlation among traits was a strong negative correlation 
between winter survival and flowering score for the second week of recording (rs = -0.81, 
p<0.001), suggesting that earlier flowering is associated with a decrease in winter-
hardiness. 
 
Controlled freezing experiment 
Treatments without cold acclimation (CA) had the highest LT50 values compared 
to treatments with acclimation (Figure 1.a and 2.a). The only difference among any non-
CA treatment was between Tol-1 and Sus-2 at the later growth stage (GS). With the 
exception of Sus-2, the later GS resulted in lower LT50 values than younger plants.  
For 2-week CA treatments, accession and GS were both highly significant factors 
(p<0.001), although GS had a more considerable effect on plant survival. LT50 values 
with 2-week CA were considerably lower than non-CA treatments (Figure 1.b and 2.b). 
For each accession, the LT50 of the early GS was significantly less than that of the later 
GS. At the early GS, Winter-tolerant accessions were more freezing tolerant than the 
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winter-susceptible accessions, although not at the late GS. At the late GS, only Sus-2 was 
less freezing tolerant than the winter-tolerant accessions. 
For 4-week CA treatments, accession and GS were both highly significant factors 
(p<0.001), although this time accession had a more considerable effect on plant survival 
than GS, contrary to 2-week CA. LT50 values were comparable to those from the 2-week 
CA treatment (Figure 1.c and 2.c). Winter-tolerant accessions of both the early and late 
GS were more freezing tolerant than susceptible accessions. Winter-tolerant accessions 
were more freezing tolerant at the early GS, but GS was not a significant factor for 
susceptible accessions (see Table 6 for significant terms and interactions). 
 
Validation experiment 
The validation experiment sought to replicate findings in the initial experiment, 
improve experimental design, and reduce sources of error in the freezing protocol. The 4-
week CA treatment resulted in lower LT50 values than all 2-week CA treatments 
(p<0.001). GS did not have a significant effect on survival  for any CA treatment or 
accession (p>0.1) and LT50 values were slightly less for the late GS (Table 7). The 
winter-tolerant accessions were only more freezing tolerant than susceptible accessions in 
the 4-week CA treatment (Figure 3). 
 
Freezing tolerance evaluation 
Parameters of the freezing tolerance evaluation were chosen based on the results 
of the initial experiments and the subsequent validation, which allowed maximum 
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discrimination of accessions (4-week CA, early GS). The six temperature treatments 
ranged from -8.7 to -19.4°C. Accession was a highly significant factor for plant survival. 
LT50 values among all accessions ranged from -8.4 to -16.0°C (Table 8). 
The distribution of LT50 values, similar to winter survival data, reflected a 
bimodal distribution with a significant distinction in values between winter-tolerant and 
susceptible accessions (Figure 4.). Both LT50 and winter survival datasets failed the 
Shapiro-Wilk normality test, so Spearman’s rank correlation test was utilized to compare 
the data sets. A negative correlation was found between LT50 and percent winter survival, 
which was statistically significant (rs= -0.77, p<0.001). However, when making LT50 and 
percent winter survival comparisons within each mode of the bimodal distribution, no 
significant correlations were observed (p>0.1). 
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DISCUSSION 
Winter survival amongst accessions reveals bimodal distribution 
The most notable finding from our winter-hardiness evaluation was the distinct 
separation of germplasm for percent survival that was consistent across all environments. 
The data revealed two divergent pools of accessions that performed similarly for winter 
survival and flowering scores. In years and environments where winter stress was greater, 
there was greater divergence in the survival rate of the pools. When winter stress was 
mild, such as the early planting date in 2014, survival rates among accessions more 
closely resembled a continuous probability distribution, although the pools were still 
statistically different.  
The bimodality of survival data is thought provoking for multiple reasons. 
Winter-hardiness is a highly quantitative trait (Kahraman, 2004; Rognli, 2013). If the 
collection were representative of the extent of phenotypic variation in the species, we 
would expect a normal distribution. A bimodal distribution would be more consistent 
with that of a qualitative trait. However, we are unaware of the relatedness of the 
accessions and any apparent distribution may be an artifact of the collection itself. Given 
the complex nature of this trait, it seems unlikely that one or a few genes explain all the 
variation within our collection.  
Among the traits measured in our field evaluation, winter survival correlated most 
highly with flowering scores, which are reflective of the relative maturity. The 
association of late flowering with winter-hardiness has been previously documented in V. 
villosa (Jannink et al., 1997; Maul et al., 2011) and this study further illustrates the 
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relationship. These two traits are primary breeding targets to improve the cropping 
system compatibility of leguminous cover crops in northern regions. Early maturity is 
sought after for seed production convenience, earlier biomass accumulation in regions 
with a shorter growing season, and for earlier and more effective termination in a roller-
crimping system (Mischler et al., 2010). Depending on the extent of pleiotropy and 
linkage underlying this correlation, improving both traits simultaneously may prove to be 
difficult. 
 
Seed origin matters 
The contrasting winter survival among accessions was reflected by the locality of 
the respective seed source. Seed that was grown in Minnesota was generally winter-
hardy, and seed grown in Oregon was not. A factor that likely explains some of this 
phenotypic variation is natural selection via routine bulk selection by seed producers and 
growers. Midwest seed producers usually plant in the autumn and thus subject a varying 
degree of selection pressure on the heterogeneous populations.  
Synthetic varieties, Purple Prosperity and Purple Bounty, were included as 
commercial checks in the evaluation. Purple Prosperity was procured from two different 
seed sources, one source grown in Minnesota and the other Oregon. Although derived 
from the same progenitors and sold under the same trade name, the seed has been grown 
in contrasting environments for an unknown number of generations. Though not 
statistically significant, the Minnesota derived Purple Prosperity had ~5% higher survival 
than the Oregon derived in both years and planting dates. 
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The population structure and historical divergence between these pools, especially 
concerning VNS accessions, remains unknown. It should be considered that our collection 
may not adequately represent the extent of genetic variation present in the species. 
Regardless, our results seem to further support the claims of Jannink et al. (1997) that 
commercially available V. villosa is of two types or subspecies. 
 
Growth stage and duration of cold acclimation influence freezing tolerance 
Results from our controlled freezing experiments indicate that cold acclimation is 
necessary for the acquisition of freezing tolerance in the accessions tested. The lack of 
variation in LT50 values without prior acclimation suggests that among the accessions 
tested, there may be no variation for frost tolerance. However, the non-CA treatment was 
not included in the validation experiment, so more evidence would be needed to 
substantiate such claims. Further exploration of this trait could identify variation for 
constitutive expression of frost tolerance or subtle structural differences that may result in 
freezing avoidance (Gusta and Wisniewski, 2013). 
The design of the initial controlled freezing experiments did not allow for direct 
comparisons of LT50 values among CA treatments. However, the separation of accession 
values was used to interpret the relative effect of cold acclimation among accessions 
tested. Cold acclimation had the most influence on freezing tolerance at an earlier growth 
stage. Although with 4-weeks of cold acclimation, regardless of growth stage, the winter-
tolerant accessions had lower LT50 values than the winter-susceptible. When increasing 
cold acclimation duration, growth stage became less influential, and accession became a 
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more significant predictor of plant survival. The greatest separation of LT50 values was 
found when plants were exposed to the 4-week CA treatment. Via the validation 
experiment, we were able to demonstrate that freezing tolerance for all treatments 
increased with longer exposure to cold acclimation. 
The initial experiments found growth stage to be highly influential for freezing 
tolerance, but it was an insignificant factor in the validation. It may seem intuitive that 
more developed plants would have greater ability to survive freezing temperatures, as 
was found without exposure to cold acclimation, but the contrary was found in both the 
2-week and 4-week CA treatments. For all accessions exposed to cold acclimation, they 
were more tolerant at the early growth stage. These findings were consistent with the 
results of Brandsæter et al. (2002), where V. villosa was more freezing tolerant at an 
earlier stage.  
As a winter-annual species, it is possible that more developed plants are allocating 
a greater proportion of energy to future reproductive structures and were therefore more 
susceptible to cellular damage by freezing exposure. Whereas young individuals in a 
vegetative stage would allocate more energy towards the protection of vegetative 
structures. Although flowering parts did not develop for the majority of treatments, a 
small portion of Sus-2 (V15) individuals, following four weeks of greenhouse growth, 
had signs of flower bud development. 
A factor possibly explaining the insignificance of growth stage in the validation 
experiment was the change in growth container size. Smaller celled-trays were used to 
reduce the mass within the freezing chamber while allowing for a greater number of 
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individuals to be screened. This practical modification may have had a restrictive effect 
on the development of individuals at a later growth stage, which perhaps explains the 
similar response to freezing that each treatment displayed. 
The effect of a shortened photoperiod was not evaluated in this experiment. For 
many plants, especially woody species in temperate regions, shorter day lengths play an 
important role in the acquisition of freezing tolerance (Lee et al. 2012, Guy 1990). We 
are not aware of what influence it had on the LT50 values obtain within our experiments. 
 
Relating freezing tolerance to field winter-hardiness 
The freezing tolerance amongst our germplasm collection was highly reflective of 
the bimodal distribution found for winter survival. Virtually all CA-based freezing tests 
found significant differences between the two contrasting pools. This data suggests that 
freezing tolerance is the primary factor responsible for variation of winter-hardiness 
within this V. villosa collection. 
There is still uncertainty to the genetic variation within and among the contrasting 
pools that performed markedly different for both winter-hardiness and freezing tolerance. 
Although more variation was present for freezing tolerance within the winter-susceptible 
pool, we must entertain the idea that individuals within either group are highly related to 
each other. For example, VNS accessions derived from Minnesota could very likely share 
the same progenitors, and the same for those derived from Oregon environments. 
Regardless, the freezing tests employed in this study consistently found winter-tolerant 
accessions to be more freezing tolerant than winter-susceptible. Furthermore, our 
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preliminary experiments and protocol validation showed consistent rankings correlating 
to winter survival data even with variable experimental parameters (Table 2 and Figure 
1). 
Freezing tests in controlled environments aim to isolate freezing stress while 
excluding other variables that may affect winter survival. Traits such as snow mold 
resistance and ice encasement tolerance can be evaluated in a laboratory setting 
(Dalmannsdóttir, 2001), as accounting for these and other factors in field environments 
can be costly or impractical. While we did not incorporate these factors into our 
experimental design, it is important to consider any environmental factor that may 
influence winter-hardiness, and variation of said factor within that environment. 
Additionally, it is important to note that the subjected freezing treatments within our 
study were acute and do not reflect the prolonged exposure in field environments. 
Implementation of prolonged freezing treatments, proposed by Gusta et al. (1997), could 
increase the ability to detect winter-hardiness differences among accessions. 
We have found our controlled freezing test for V. villosa accessions to be an 
intuitive and high-throughput approach to evaluating large differences in winter-
hardiness by indirectly measuring the correlative freezing tolerance trait. Given the lack 
of information for VNS accessions commercially available, this method could efficiently 
characterize accessions for appropriate regional placement of germplasm. This method 
also has the potential to be utilized as a selection tool for highly heterogeneous seed 
sources, however we would not recommend intensive selection pressure without 
additionally selecting in field environments. 
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Care should be taken if attempting to relate the effect of growth stage in 
controlled conditions to the timing of autumn seeding in field environments. 
Contradictory to our tests of freezing tolerance, more developed plants in the field were 
more winter-tolerant than later planted material. The mechanisms behind this 
inconsistency were not a focus of this study, but it does highlight some disconnect 
between the two screening approaches. Results from our freezing tolerance experiments 
should not influence crop management decisions for growers regarding planting date. 
 
Advancing methods of controlled freezing 
FT results and the corresponding LT50 values should always be interpreted 
contextually. We found LT50 values to fluctuate among experiments and treatments. To 
better correlate with field data, methods of controlled freezing should be designed to best 
mimic the environment of interest. However, there are practical considerations and 
limitations in doing so. 
Traditionally, controlled freezing tests involve abrupt transitions from warm/long-
day light, to cold/short-day light, to sub-zero temperatures.  These discrete environments 
do not reflect the continuous and stochastic fluctuations in soil and air temperature, soil 
moisture, light intensity and spectrum, etc. With LED lighting capabilities and 
programmable growth chambers, it would be possible to customize the light spectrum 
and program a gradient of day and night temperatures to better mimic normal 
atmospheric conditions. Nevertheless, our applied methods in this paper demonstrate the 
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utility of such a traditional approach, especially for crop species that are yet to be the 
subject of intensive breeding efforts. 
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CONCLUSION 
Vicia villosa has demonstrated high potential as a leguminous winter-annual cover 
crop in temperate growing regions such as Minnesota. However, there is large variation 
for winter-hardiness among accessions that are commercially available. This variation in 
winter survival resembles a bimodal distribution and reflects the regional origin of the 
seed source; seed grown in regions with greater winter stress is generally more winter 
tolerant. LT50 values established from our freezing tolerance evaluation correlate highly 
with field data and again resembled a bimodal distribution. We found both growth stage 
and duration of cold acclimation to have an influence on plant responses to freezing 
stress. This study offers an efficient way to infer large differences in winter-hardiness for 
V. villosa. However, controlled environment evaluations cannot encompass the numerous 
variables affecting winter-hardiness in the field. Therefore, evaluations of freezing 
tolerance in artificial conditions should remain a complement to, rather than a 
replacement for field evaluations of winter survival. 
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Table 1. Analysis of variance for percent winter survival of V. 
villosa in Minnesota environments. 
Source df F-value Pr(>F) 
accession 28 31.5 *** 
year 1 438.2 *** 
location 2 115.0 *** 
planting date 1 92.2 *** 
accession:year 28 0.2   NS‡ 
accession:location 56 0.9 NS  
year:location 2 46.9 *** 
accession:date 29 1.5 * 
location:date 2 5.2 ** 
accession:year:location 56 5.2 *** 
***, **, * Significant at the 0.001, 0.01, and 0.05 probability 
level, respectively 
‡ Not significant at the 0.05 probability level 
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Table 2. Analysis of variance for percentage of plot flowering at 
a single time point for V. villosa in Minnesota environments. 
Source df F-value Pr(>F) 
accession 28 6.6 *** 
year 1 11.5 *** 
location 2 130.2 *** 
planting date 1 36.5 *** 
accession:year 14 1.0 NS‡ 
accession:location 51 1.4 * 
year:location 1 111.4 *** 
accession:date 29 1.1 NS 
location:date 2 13.0 *** 
accession:year:location 12 1.1 NS 
***, **, * Significant at the 0.001, 0.01, and 0.05 probability level, 
respectively 
‡ Not significant at the 0.05 probability level 
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Table 3. Percent winter survival of all V. villosa plots for 
each Minnesota location, planting date, and year of 
evaluation. Early signifies a planting date in the last week 
of August; late signifies a planting date in the second 
week of September. 
Environment 
2013-14 2014-15 
Early Late Late 
 ――――― % winter survival ――――― 
St. Paul   77.3  a‡ 67.3  b  43.8  e 
Becker 58.7  c   47.6  de 27.1  f 
Roseau   73.4  ab   52.3  cd    0.4  g 
‡ Significant differences determined using Tukey’s HSD 
test (α = 0.05).  
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Table 4. Trait evaluation of V. villosa accessions. Survival and flowering data is 
from 8 Minnesota environments. Collection includes 12 UMN original accessions, 
16 commercially available VNS accessions from various U.S. locations, and early 
flowering commercial checks, Purple Prosperity and Purple Bounty. Origin is the 
state where seed was grown. Survival % is the mean winter survival rate. Flower 
% is the mean visual rating given at a single time point based on percentage of plot 
flowering.  
Accession ID  Variety/Source Origin  Survival (%)      Flower (%) 
V01 UMN MN   82.1   a‡     50   cd‡ 
V23 VNS MN 81.6   a       53   abcd 
V09 UMN MN 80.2   a   49   cd 
V27 VNS MO 79.5   a     51   bcd 
V03 UMN MN 78.8   a       54   abcd 
V25 VNS MN 77.6   a     51   bcd 
V19 VNS MN 77.6   a     52   bcd 
V14 VNS MN 77.5   a       54   abcd 
V05 UMN MN 77.5   a   51   cd 
V11 UMN MN 76.7   a 45   d 
V04 UMN MN 75.7   a 46   d 
V06 UMN MN 75.2   a 44   d 
V10 UMN MN 74.5   a       54   abcd 
V07 UMN MN 74.0   a 36   d 
V12 UMN MN 73.7   a   51   cd 
V22 VNS OR 43.5   b       60   abcd 
V21 VNS OR   41.0   bc       62   abcd 
V18 VNS OR   40.6   bc       64   abcd 
V20 VNS NE   40.4   bc       60   abcd 
V29 VNS OR   40.2   bc       70   abcd 
V13  P. Bounty OR   39.1   bc       71   abcd 
V02  P. Prosperity MN   38.4   bc   83   ab 
V16 VNS OR   35.9   bc       57   abcd 
V30 VNS OR   35.5   bc       73   abcd 
V08  UMN MN   33.2   bc 91   a 
V28  P. Prosperity OR   33.0   bc     76   abc 
V15 VNS MO   30.2   bc 91   a 
V26 VNS OR   29.8   bc 95   a 
V17 VNS OR   24.8   bc       72   abcd 
V24 VNS OR 15.1   c NA 
‡ Significant differences determined using Tukey’s HSD test (α = 0.05). 
§ Median lethal temperature with 95% confidence intervals. 
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Table 5. Spearman’s rank correlation coefficient matrix for V. villosa accession 
trait means from all environments.  
  Survival Fall vigor Flowering Biomass Seed yield 
Survival 1.00            
Fall vigor   0.45* 1.00     
Flowering      -0.81***  -0.43* 1.00   
Biomass 0.03 0.30 -0.22 1.00  
Seed yield 0.30 0.38   -0.38* 0.34 1.00 
***,* Significant at the 0.001 and 0.05 probability level, respectively. 
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Table 6. Analysis of covariance for plant survival following controlled 
freezing within three different cold acclimation (CA) regimes. 
Source 
  0-week CA 
2-week 
CA 
4-week CA 
df Pr(>Chi) Pr(>Chi) Pr(>Chi) 
temp 1 *** *** *** 
accession 3 ** *** *** 
growth stage  1   NS‡ *** *** 
temp:accession 3 NS NS ** 
temp:growth stage 1 ** *** NS 
accession:growth stage 3 NS NS * 
temp:accession:growth stage 3 NS NS NS 
***, **, * Significant at the 0.001, 0.01, and 0.05 probability level, respectively 
‡ Not significant at the 0.05 probability level 
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Table 7. Analysis of covariance for plant 
survival following freezing treatments for 
the protocol validation experiment. 
Source df Pr(>Chi) 
temp 1 *** 
accession 2 *** 
growth stage (GS) 1 NS 
cold acclimation (CA) 1 *** 
temp:accession 2 NS 
temp:GS 1 NS 
accession:GS 2 NS 
temp:CA 1 NS 
accession:CA 2 NS 
GS:CA 1 NS 
temp:accession:GS 2 NS 
temp:accession:CA 2 NS 
temp:GS:CA 1 ** 
accession:GS:CA 2 NS 
temp:accession:GS:CA 2 NS 
***, ** Significant at the 0.001 and 0.01 
probability level, respectively 
‡ Not significant at the 0.05 probability level 
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Table 8. Freezing tolerance evaluation of V. villosa. LT50 values for a subset of 
20 accessions from the 30 evaluated in the field. Accessions are denoted by 
accession ID (Table 2). LT50 represents the median lethal temperature and was 
calculated from a generalized linear model using the ‘dose.p’ function in the 
‘MASS’ package in R. CI represents the 95% confidence interval.  
Accession ID LT50 95% CI  
V09 -16.0 ± 0.6 
V27 -15.8 ± 0.5 
V07 -15.7 ± 0.7 
V14 -15.5 ± 0.6 
V19 -15.5 ± 0.7 
V04 -15.5 ± 0.7 
V03 -15.4 ± 0.6 
V25 -15.1 ± 0.6 
V01 -14.8 ± 0.7 
V23 -14.7 ± 0.6 
V20 -12.4 ± 0.9 
V28 -11.8 ± 0.9 
V18 -11.7 ± 0.9 
V29 -11.7 ± 1.0 
V13 -11.6 ± 1.1 
V02 -11.5 ± 1.1 
V21 -11.2 ± 1.0 
V26 -10.8 ± 1.0 
V08   -8.9 ± 1.8 
V15   -8.4 ± 2.0 
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Figure 1. Freezing tolerance of contrasting V. villosa accessions following three cold 
acclimation treatments (a, b, c) at two differing growth stages (GS). LT50 represents 
the median lethal temperature for each accession and is indicative of freezing 
tolerance. Tol-1(V01) and Tol-2(V07) had significantly greater winter survival than 
Sus-1(V29) and Sus-2(V15) in field evaluations. Error bars represent the 95% 
confidence interval.  
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Figure 2. Freezing treatment survival predictions from generalized linear models. 
Solid lines represent the prediction curve for each treatment. Shaded areas represent 
the 95% confidence interval.  
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Figure 3. Validation of modified controlled freezing protocol. Freezing tolerance of 
contrasting V. villosa accessions following two cold acclimation (CA) treatments at 
two growth stages (GS). LT50 represents the median lethal temperature for each 
accession. Tol-1(V01) and Tol-2(V07) had significantly greater winter survival than 
Sus-1(V29) in field evaluations. Error bars represent the 95% confidence interval. 
Data illustrates the increase in freezing tolerance with increased exposure to CA 
conditions. GS was not a significant factor in this evaluation of the modified protocol. 
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Figure 4. Winter-hardiness and freezing tolerance of V. villosa accessions. (a) Violin plots display probability density of survival 
rate across 8 MN environments with 4 reps each. Accessions are sorted according to mean survival. Points specify mean percent 
survival across all environments. Blue plots indicate seed derived from MN environments and green from non-MN. (b) LT50, 
the median lethal temperature, indicates the freezing tolerance of a subset of accessions that were evaluated in the field trial. 
Error bars represent the 95% confidence interval. Freezing tolerance was highly correlated with winter survival (-0.77 rs) 
according to Spearman’s rank correlation coefficient. 
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APPENDIX A 
 
Table A1. Environmental conditions in controlled settings. Values represent the 
means from recordings within each freezing tolerance experiment for each 
treatment.  
 Greenhouse  Growth chamber 
Initial  
Experiment 
Temp 
(°C) 
GDD‡ 
(°C) RH   
CA temp 
(°C)  
CA light 
(μmol s-1 m-2) 
0-week CA/Early GS 21.79 249 57.32  NA 
202.7 
0-week CA/Late GS 21.83 499 58.70  
      
2-week CA/Early GS 23.14 268 39.26  2.43 
2-week CA/Late GS 23.39 543 42.87  
      
4-week CA/Early GS 22.83 264 37.27  2.03 
4-week CA/Late GS 22.62 521 39.96   
Validation  
Experiment          
2-week CA/Early GS 21.69 248 NA  
2.96 
2-week CA/Late GS 22.04 505 NA  
4-week CA/Early GS 22.32 257 NA  
4-week CA/Late GS 23.14 536 NA   
Accession  
Evaluation          
2-week CA/Early GS 21.44 244 40.97   4.35 
‡ Growing degree days accumulated using a base temperature of 4°C. 
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Figure A1. 24-hour progammable freezer cycle example (-15°). 
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Appendix B 
 
Image 1. V. villosa seedlings 7 days after planting. 
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Image 2. Late growth stage V. villosa plants during artificial cold acclimation in the 
initial freezing tolerance experiments. 
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Image 3. Tenney programmable freezer tray arrangement from the protocol 
validation experiment. 
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Image 4. Example of plant survival 21 days following freezing treatment. 
 
